Human type I interferons (alpha and beta interferon [IFNot and IFN-P] species) and type II (IFN-y) share the ability to induce a common set of proteins (4, 32), although they act through different receptors (1) . Type I and type II IFNs also share a variety of functions, in particular their antiviral, antiproliferative, and immunomodulatory effects. Several studies have shown synergistic activities of the combination of type I and type II IFNs, indicating that both types of IFNs may act on IFN-inducible genes in a different manner (6) (7) (8) 42) . Recently it was shown that an IFN-regulated gene coding for a 56-kilodalton (kDa) protein was directly induced by poly(rI)-poly(rC), viruses, and interleukin-1 (IL-1), and this inducibility was traced back to specific sequences in the promoter region of the gene (38, 39) . Others have observed overlapping patterns of polypeptide induction by IL-1, IFNa, IFN--y, and tumor necrosis factor (TNF) in fibroblast lines (2) . Agents other than IFN, such as growth factors and double-stranded RNA (dsRNA), have been shown to generate signals which are functional equivalents of IFN-mediated signals needed for the induction of an IFN-inducible gene (36) . Clearly, so-called IFN human cytoplasmic protein of apparent molecular mass 78,000, called p78 (12) . Its cytoplasmic location implies that it may not be directly involved in nuclear functions. The p78 protein has been purified to homogeneity, characterized, and shown to be a human homolog of the mouse Mx protein on the basis of several independent criteria (12) . We have recently described cDNA clones which can be used to detect p78 mRNA and which enabled us to map the IFI-78K gene to human chromosome 21 (14) . We have also produced specific monoclonal antibodies to detect and quantitate the p78 protein (12) . The p78 protein may participate in cellular defense mechanisms against viral infections in humans, because the corresponding murine IFN-regulated Mx protein is responsible for a specific antiviral state against influenza virus infection (13, 35) . The IFI-78K gene may therefore have important functions, and it seemed of interest to study its regulation within the cytokine network. We have examined its regulation by IFNs, but we have also looked for alternative inducers, such as TNF, IL-1, and IL-6, which have been suggested to have IFN-like antiviral activities (26, 37, 41) .
Among all IFN-inducible genes mapped so far, the IFI-78K gene is the only one located on human chromosome 21 (14) together with the receptor for IFN-ox/r (30) . Human chromosome 21 is implicated in the pathogenesis of some degenerative disorders of the central nervous system (e.g., Alzheimer's disease) which may be caused (among other hypotheses) by infectious agents (25) . These 20 h at 42°C in the same buffer (except that Denhardt solution and 20 mM phosphate buffer were used) with 2 x 106 cpm of a 32P-labeled DNA probe (specific activity, 6 x 108 to 8 x 108 cpm/,ug) per ml. The hybridized filter was first washed for 1 h at 42°C in 50% formamide-5x SSC-0.1% SDS and then at 20°C in 2x SSC-0.1% SDS, in lx SSC-0.1% SDS, and finally in 0.1x SSC-0.1% SDS (each wash was for 30 min). For autoradiography, the membrane was exposed to Kodak X-OMAT film with intensifying screens at -700C.
For dot blot analysis, RNA samples were denatured, serially twofold diluted, and blotted onto nitrocellulose as described before (40) with a Bio-Dot apparatus (Bio-Rad Laboratories). The dot blots were UV irradiated, baked, and hybridized as described above. The relative amount of RNA was quantitated by densitometric scanning of the autoradiographs with a TLC scanner (model CS-930; Shimadzu Corporation).
Nuclear run-on assay. Methods for preparing nuclei and conditions for the run-on reaction were adapted from those described previously (34) . The run-on reaction was stopped by addition of 20 U of RNase-free DNase I (Boehringer, Mannheim, Federal Republic of Germany), and the incubation was continued for 10 min at 25°C. Each sample was then mixed with an equal volume of STE buffer (10 mM Tris hydrochloride [pH 8], 1 mM EDTA, 0.1% SDS) and 100 ,ug of yeast tRNA per ml. Proteinase K was added to the lysate to a final concentration of 0.5 mglml, and the samples were further incubated for 45 min at 37°C. Nuclear transcripts were separated from unincorporated nucleotides on a Sephadex G-50 column equilibrated with STE buffer. The labeled RNA was boiled for 10 min, chilled on ice, and hybridized to 10 ,ug of linearized plasmid DNAs immobilized on nitrocellulose filters as described elsewhere (9) . Following hybridization for 40 h at 42°C, filters were washed three times (20 min each) in 2x SSC-0.1% SDS at 65°C, treated with 10 ,ug of RNase A per ml (boiled for 2 min before use) in 2x SSC for 45 min at 37°C, and finally washed once in 2x SSC at 37°C before autoradiography.
Western immunoblot analysis. Cell lysates were prepared from HEL cells as described above for the extraction of cytoplasmic RNAs. The lysates were clarified by centrifugation, and then proteins precipitated with 2 volumes of ethanol. The proteins were separated by SDS-polyacrylamide gel electrophoresis, and they were transferred to nitrocellulose filters as described elsewhere (20) with a semidry electroblotter (model SM 17556; Sartorius GmbH). The preparation of the filters and the enzyme-linked immunosorbent assay were performed according to a published procedure (29) with some minor modifications. After blocking, the nitrocellulose filters were incubated for 1 h with mouse monoclonal antibody specific for the p78 protein (12) , washed, and then incubated for 1 h at 37°C with biotinylated VOL. 63, 1989 sheep anti-mouse immunoglobulin (Amersham International). After the filters were washed, streptavidin-horseradish peroxidase complex (Amersham International) was added and incubated for 1 h at 37°C in the presence of 150 mM NaCl. Antibodies binding to p78 were detected with H202-4-chloronaphthol. The amount of protein in the stained bands was quantitated with a thin-layer chromatogram scanner.
RESULTS
Regulation of the IFI-78K gene by IFN-a. The p78 protein is induced at high levels in several types of human diploid cells, and it can be detected easily and quantitated by Western blotting of total-cell extracts (12, 14) . For measuring kinetics of protein induction, HEL diploid cells were treated with 300 IU of rIFN-ctB per ml, and cytoplasmic extracts were prepared at various times for measurement of p78 protein content. p78 protein was absent from uninduced cells, and its accumulation was readily detected as soon as 4 h after induction ( Fig. 1A and D Characteristics of induction of the IFI-78K gene by cytokines and dsRNA. Immunoblots ( Fig. 2A) showed that TNF (10 ng/ml), IL-lot (1 ng/ml), and IL-13 ( HEL cells at any concentration tested (data not shown), and these factors were not examined further.
To determine whether the inducers of p78 require protein synthesis for their action on the IFI-78K gene, we measured the levels of p78 mRNA 6 h after treatment with these agents in the presence and absence of CHX. TNF, IL-1(x, and IL-13 at 1 ng/ml induced amounts of transcripts comparable to those found with 300 IU of rIFN-aB per ml (corresponding to 1.5 ng/ml); however, induction was totally abolished by J. VIROL. mRNA in HEL cells induced for 6 h with rIFN-aB (300 IU/ml), TNF (1 ng/ml), IL-ia (1 ng/ml), IL-11 (1 ng/ml), or poly(rI)-poly(rC) (100 ,g/ml) in the absence (-) or presence (+) of CHX (100 ,ug/ml). Untreated cells were used as controls. The elongation factor EF-4A was used as an internal control.
TRANSCRIPTIONAL REGULATION OF IFN-INDUCED GENE
CHX, in contrast to the induction by rIFN-cxB, which was not affected by this inhibitor of protein synthesis (Fig. 2B) (Fig. 3A) . NDV induced the highest level of p78 mRNA, and this induction was not further enhanced by addition of CHX. FPV induced a lower level of p78 transcripts than NDV, and this level was increased 10-fold when protein synthesis was blocked. VSV did not induce p78 mRNA to detectable levels during the 6 h of infection; however, some transcripts were detectable when CHX was present during the infection.
We also studied the effect of virus infection on IFI-78K gene expression in cells pretreated with either IFN-a or IFN--y. The conditions for IFN pretreatment used for these studies (100 IU of IFN per ml for 16 h) completely protect HEL cells against VSV and influenza A virus infection (11) . Cells pretreated for 16 h with rIFN-aB contained levels of p78 mRNA which were in their declining phase (Fig. 1D) . Infection of these cells with viruses led to increased levels of p78 transcripts during the 6 h following infection, indicating derepression of the IFI-78K gene and accumulation of new p78 transcripts (Fig. 3A) . NDV was again the strongest inducer, and CHX enhanced the effect of viral infection. It Other cultures received no IFN. Poly(rI)-poly(rC) was then given at 100 jig/ml for 6 h in the absence (-) or presence (+) of CHX (100 ,ug/ml) as indicated. Total cytoplasmic RNA was then extracted and analyzed for p78 mRNA levels as in panel A.
should be noted that CHX alone, in the absence of viral infection, derepressed the IFI-78K gene, or stabilized the mRNA, in cells pretreated with rIFN-axB, resulting in increased p78 mRNA accumulation over the levels seen in the absence of CHX treatment.
Our previous studies have shown that IFN--y is a poor inducer of p78 protein (12) . Cells treated for 16 h with IFN-y also had a low level of p78 mRNA (Fig. 3A) . Subsequent incubation for 6 h in the presence of CHX did not significantly increase this level, as opposed to the increase in cells pretreated with IFN-ae (Fig. 3A) . Upon viral infection, cells pretreated with IFN-y accumulated much more p78 mRNA than cells which were not pretreated with IFN--y. A superinduction was observed when infection occurred in the presence of CHX. The effect of pretreatment with IFN--y was particularly dramatic after induction with NDV, but also detectable after infection with FPV and VSV (Fig. 3A) . Similar experiments performed with poly(rI)-poly(rC) instead of viruses gave results comparable to those observed with viruses, particularly NDV (Fig. 3B) . These data support the conclusion that dsRNA and viruses may use a common mechanism for activation of the IFI-78K gene.
To determine whether the p78 mRNA transcribed during the course of infection was translated into protein, cytoplasmic extracts were prepared at 8 h after virus infection, at which time cytopathic effects were not yet apparent. These extracts were analyzed for p78 content by Western immunoblots (Fig. 4) . The effect of IFN pretreatment was also examined by using only 10 IU of either rIFN-aB or rIFN--y per ml, which is a suboptimal concentration for p78 induction. p78 transcripts induced by viruses were indeed translated during the course of infection (Fig. 4) (3, 9, 19, 22, 34) , whereby transcription of these gepes is a transient process even in the constant presence of IFN-a. The IFI-78K gene has an efficient and strong promoter, very much like the homologous mouse Mx gene (34) . The downregulation of the IFI-78K gene is not so dramatic as that of the mouse Mx gene (34) , but it resembles that observed for the 2'-5'-oligoadenylate synthetase gene in Daudi cells (36) , for the 1-8 gene in T98G cells (9) , and for the IFN-IND-1 and -2 genes in human diploid fibroblasts (21) . Since simple addition of CHX during the repression phase leads to reactivation of the IFI-78K gene, downregulation is probably mediated by a newly synthesized protein with a high turnover rate. Downregulation of the I'FI-i8K gene agrees with the model proposed for human fibroblasts in which downregulation of transcription is mediated by a putative repressor protein with short half-life whose synthesis is needed for this process (21) . This model, in agreement with our experimental evidence, excludes p78 as being its own repressor.
Large amounts of p78 protein are accumulated in IFNinduced cells (12) , and this protein seems to be metabolically stable, since its level remains constant for several days, as observed in different types of cells in culture (data not shown). The intracellular accumulation of p78 protein stops at approximately 16 h after induction with IFN-a, at which time high levels of intact p78 mRNAs are still detected' on Northern blots. These observations suggest that p78 expression is subject to regulation at a posttranscriptional level. Furthermore, p78 could be its own regulator at the translational level. This would be compatible with a function suggested for its mouse homolog, the Mx protein, which is to block the translation of certain viral mRNAs (27) .
The IFI-78K gene is subject to control by the cytokine network. We (23) , the c-fos and c-myc genes in BALB/c 3T3 cells (44) , and the IFI-56K and IFI-54K genes in HEC-1B cells (38) . Recently, the mouse Mx promoter has also been shown to respond to IFN-a as well as to NDV (15) . Since transcriptional activation occurs in the absence of protein synthesis, the induction of the IFI-78K gene must be direct and not mediated by' type I IFN produced by cells in response to viral infection or to dsRNA treatment. Inducibility by both IFN and viruses may reflect common structural features with the promoter of other genes with a similar type of regulation (10, 15, 38, 39, 43) .
In the continuous presence of IFN-a, the IFI-78K gene is first induced in a strong fashion and then becomes refractory to continuous stimulation by IFN-a by a mechanism of downregulation. We have observed that the mechanism of downregulation can be broken by virus infection. Reactiva 
